Following the pioneering works on hole-induced ferromagnetism in Mn-doped III-V ferromagnetic semiconductors (FMSs), such as (In,Mn)As and (Ga,Mn)As, 3 , 4 , 5 ,6 , 7 ,8 intensive studies searching for reliable room-temperature FMSs have been conducted over the last 20 years. Many of the studies on FMSs have been inspired by the meanfield Zener (MFZ) model 1,2 , which has been considered the "standard model" of FMSs.
Following the pioneering works on hole-induced ferromagnetism in Mn-doped III-V ferromagnetic semiconductors (FMSs), such as (In,Mn)As and (Ga,Mn)As, 3 , 4 , 5 ,6 , 7 ,8 intensive studies searching for reliable room-temperature FMSs have been conducted over the last 20 years. Many of the studies on FMSs have been inspired by the meanfield Zener (MFZ) model 1, 2 , which has been considered the "standard model" of FMSs.
The most important prediction of this model was that wide-gap FMSs should have a much higher TC than narrow-gap FMSs. This prediction has been the "de facto" design rule for new FMS materials and led many researchers to focus on magnetically doped wide-gap semiconductors rather than narrow-gap ones. Despite worldwide efforts, however, there are three major problems that have not yet been solved. First, in the well-studied Mn-doped FMSs, there is no reliable n-type FMS available. Second, the highest Curie temperatures TC of (Ga,Mn)As (200 K) and (In,Mn)As (90 K) obtained so far are still much lower than room temperature, despite their very high hole concentrations (p = 10
20
-10 21 cm -3 ). 9, 10 Third, the mechanism of their ferromagnetism and corresponding band structure are not completely understood and are still under debate. 1, 2, 11, 12, 13, 14 Therefore, making FMSs that can be both n-type and p-type with room-temperature ferromagnetism remains a great challenge.
Recently, to overcome the shortcomings of the Mn-based FMSs, we have proposed and realized a new class of FMSs based on Fe-doped narrow-gap III-V semiconductors. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In Fe-doped III-V semiconductors, most Fe atoms replace the group-III sites and are in the isoelectronic Fe 3+ state. Thus, the Fe atoms play the role of local magnetic moments, while free carriers are supplied independently by co-doped non-magnetic donors/acceptors or native defects. This allows us to grow both n-type and p-type FMSs. Although the MFZ model predicts that it is impossible or difficult to prepare n-type FMSs due to their very weak s-d exchange interactions, we have demonstrated the first n-type FMS (In,Fe)As grown by low-temperature molecular beam epitaxy (LT-MBE). 15, 16, 17 In (In,Fe)As, we observed a TC of up to 70 K at an electron density (n) as low as 6 × 10 18 cm −3 . It was found that electron carriers reside in the conduction band with a small electron effective mass (m * = 0.03 ~ 0.17m0, where m0
is the free electron mass), high electron mobility (up to 1000 cmV -1 s -1 ), and consequently long coherence length of the electron wavefunctions. In fact, we observed quantum size effects in (In,Fe)As quantum wells as thick as 40 nm and showed that the ferromagnetism in the quantum wells can be explained by the overlap of the electron wavefunctions and the Fe atoms. 18 , 19 ,20 We also demonstrated the "wavefunction engineering of ferromagnetism" in the (In,Fe)As quantum wells by changing the overlapping of the electron wavefunctions and the Fe atoms without large changes of the electron density. 20 Very recently, we observed large spontaneous spin-splitting (30 - 50 meV) in the conduction band of (In,Fe)As by using tunnelling spectroscopy in Esaki diode structures. 21 Furthermore, we realized a new p-type FMS (Ga,Fe)Sb 22, 23 whose TC eventually reaches 340 K at x = 25%. 24 Figure 1 In this paper, to test our hypothesis and establish a new design rule for Fe-doped FMSs, we have grown and systematically investigated the crystal structure and magnetic, magneto-optical, and magneto-transport properties of (In1-x,Fex)Sb thin films with various Fe concentrations (x = 5 -16%). We found that (In1-x,Fex)Sb maintains the zinc-blende type crystal structure up to at least x = 16%. The magnetic properties characterised by magnetic circular dichroism (MCD) spectroscopy and anomalous Hall effect (AHE) measurements confirmed the intrinsic ferromagnetism in (In,Fe)Sb. It is found that the TC of (In1-x,Fex)Sb rapidly increases with x and reaches ~335 K at x = 16%. Furthermore, we show that the anomalous Hall effect of (In,Fe)Sb at room temperature can be used for Hall sensors, as its sensitivity surpasses that of the best commercially available InSb Hall devices.
EXPERIMENTS

Growth and structural characterizations
Figure 2(a) and Table I show the schematic structure and parameters of our samples, respectively. The (In1−x,Fex)Sb layers were grown on semi-insulating GaAs(001)
substrates by LT-MBE. A combination of 100-nm-thick AlSb / 10-nm-thick AlAs / 50-nm-thick GaAs buffer layers was used to reduce the lattice mismatch (11.1% -11.6%) between the GaAs substrate and the (In1−x,Fex)Sb layer (see Method for details of crystal growth). Samples A1-A5 with an (In1−x,Fex)Sb thickness d = 15 -20 nm and Fe concentration x = 5 -16% were prepared, as shown in the 1st -3rd columns of Table I .
The crystal structure of the (In,Fe)Sb layers was characterized by X-ray diffraction (XRD), scanning transmission electron microscopy (STEM), and transmission electron diffraction (TED). The XRD spectra show the zinc-blende crystal structure of (In, 
Magneto-optical properties
Next, we investigate the magneto-optical properties of the (In,Fe)Sb thin films using magnetic circular dichroism (MCD) spectroscopy in the reflection configuration.
The MCD intensity in our study is expressed as reflecting its strong AHE, probably caused by the strong spin-orbit interaction due to the smaller bandgap. Importantly, the S of (In,Fe)Sb is higher than that of the commercial InSb Hall sensor with ultra-high sensitivity. This is the first demonstration of a characteristic of an FMS that is superior to that of its non-magnetic host semiconductor at room temperature. We note that the ordinary Hall effect is a classical electromagnetic phenomenon whose sensitivity is limited by the electron mobility of the sensing material, so there is little room for the improvement of the Hall sensor sensitivity. In contrast, the anomalous Hall effect in FMSs is a quantum mechanical phenomenon depending on the magnetization and the spin-orbit interaction of the FMS, which have much room for improvement by doping with more Fe or narrowing the bandgap. Our
Fe-doped narrow-gap FMSs are very promising sensing materials for Hall sensors with ultra-high sensitivity.
Electric-field control of ferromagnetism
To further confirm the intrinsic ferromagnetism of (In,Fe)Sb, we demonstrate the electric-field control of the ferromagnetism in a field effect transistor (FET) structure of sample A4 (x = 12%, TC = 250 K). The FET device structure is illustrated in Fig. 5 (a). 
Method Crystal growth
All of our samples were grown on semi-insulating GaAs(001) substrates by LT-MBE.
First, we grew a 50-nm-thick GaAs buffer layer and a 10-nm-thick AlAs layer at a substrate temperature (TS) of 550C to obtain an atomically smooth surface. Next, we grew a 100-nm-thick AlSb buffer layer at TS = 470C to reduce the lattice mismatch (taken from refs. 1 and 2). Here, we plot the highest reported values of (Ga,Mn)As (ref. 
-H characteristics
The TC values of all the (In,Fe)Sb samples were estimated by using the Arrott plots, which are MCD 2 -H/MCD plots at different temperatures. Figures S2 (a) -(e) show the Arrott plots of the MCD -H characteristics of 15 -20 nm-thick (In,Fe)Sb samples A1 -A5 (x = 5 -16%). In Fig. S2(e) , we cannot obtain the Arrott plots at T > 320 K due to the limitation of our MCD measurement system. The TC value (335 K) of sample A5 (x = 16%) were estimated by the extrapolation of the data measured at 300 -320 K as shown in the inset of Fig. S2(e) . The TC values are listed in the 4th column of Table I 
Normalized MCD spectra and MCD-H characteristics
To study the magnetic properties of (In,Fe)Sb in more detail, we analyze the normalized MCD spectra and MCD -H characteristics of three representative samples A1, A3, and A5 (x = 5%, 11% and 16%). Figures S3 (a) -3(c) show the MCD spectra normalized by their intensity at Here, the MCD intensity at each magnetic field is normalized by the value at 1 T.
Estimation of the voltage-related Hall sensor sensitivity in the (In,Fe)Sb films
The Hall voltage VH of a Hall effect sensor using a thin semiconductor film is given by
where e is the elementary charge, n is the carrier density, t is the thickness of the film, B is the magnetic flux density, and IB is the bias current. For Hall sensors with high sensitivity, the sensing materials are usually n-type narrow-gap semiconductors with high electron mobility. Note that, however, S is not unique; it depends also on the sensor resistance. This is because lower sensor resistance allows more current at the same VB, thus enhancing VH and S. Therefore, the sensor resistance must be mentioned when estimating S. Here, we show the S values of three representative commercial Hall sensors from AsahiKasei corporation, whose datasheet can be found online. 4 The Hall sensor using InSb has the highest S because of the high electron mobility of InSb compared with that of InAs and GaAs. 
Relation of the anomalous Hall resistance and resistance
In order to study the relation of the anomalous Hall resistance and the longitudinal resistance in (In,Fe)Sb sample A4 (x = 12%), we plotted the saturated value of the anomalous Hall resistance Rxy of this sample as a function of the longitudinal resistance Rxx, measured at different temperatures (see Fig. S5 ). It is known that there is a relation Rxy  Rxx  , where γ depends on the scattering mechanism. 5, 6 The blue line in Fig. S5 shows the fitting Rxy  Rxx 1.42 , which means γ = 1.42 for this sample. 
Magnetization
In order to further investigate the magnetic properties of (In,Fe)Sb of samples A3 (x = 11%) and A5 (x = 16%) measured at 10 K when the magnetic field was applied perpendicular to the plane. The inset in Fig. S6(c) shows the magnified view of the M -H curves near
